We report on the detection of two Zn I lines at 4722.15Å and 4810.53Å in the high-quality spectrum of the very metal-poor post-AGB star HR 4049, which was obtained with the High Dispersion Spectrograph attached to the Subaru Telescope. The strengths of these lines indicate an appreciable underabundance of Zn by ∼ −1.3dex relative to the Sun. The fact that this volatile element, similarly to others belonging to the same group (e.g., C, N, O, S), does not conform to the extreme depletion (> 4dex) of refractory metals (e.g., Fe), strongly suggests that grain formation has something to do with the origin of the chemical peculiarity. This (not extremely but significantly) subsolar value of [Zn/H] is quantitatively discussed in connection with those of other volatile species, especially with respect to S. We also detected a new Fe II line at 5159.03Å along with the already known Fe II 4923.93Å line; based on these two lines the Fe abundance of HR 4049 is determined to be ∼ 2.8 ([Fe/H] ∼ −4.7).
Introduction
HR 4049 (= HD 89353) is a well-known post-AGB star because of its extremely peculiar abundance characteristics: while the abundances of He, C, N, O, and S are not very different from the solar compositions, other elements (e.g., irongroup elements) show ultra-low abundances (< −4 dex), as revealed by various spectroscopic studies so far (e.g., Lambert et al. 1988; Takada-Hidai 1990; Waelkens et al. 1991; Bakker et al. 1996) .
Several explanations have been proposed for this peculiarity, such as evolution-induced nucleosynthesis, gravitational segregation, accretion of chemically-segregated circumstellar matter, and the removal of the Fe-group elements by fractionation into dust grains followed by mass loss, etc. (see, e.g., Lambert et al. 1988; Bond 1991; Waelkens et al. 1991) . Among these, the "depletion" of metals, as a result of selective fractionation into grains, is nowadays considered to be somehow related (at least partly) to the origin of such abundance peculiarities, since the "abundant" elements (He, C, N, O, S) belong to the volatile group of low condensation temperature (T c ) in contrast to the "deficient" metals which are the refractory elements with relatively high T c values. Nevertheless, the detailed mechanism regarding how such an extreme depletion was possible is far from being well understood in a strict sense. What is now required is to accumulate information concerning the reliable abundances of as many elements as possible, so that we can provide theoreticians with observational constraints for developing models and theory to understand the abundance pattern of very metal-poor post-AGB stars.
While there are other post-AGB stars showing similar abundance peculiarities (a good example is HD 52961 which shows quite an analogous tendency to HR 4049; cf. Waelkens et al. 1991) , the difficulty involved with the study of HR 4049 lies in its relatively higher temperature (T eff ∼ 7500 K), as compared to other group members with later spectral type (e.g., T eff of HD 52961 is ∼ 6000 K; cf. Waelkens et al. 1991) . Namely, since the strengths of the spectral lines are even more weakened because of its earlier-type nature, the lines available for abundance determinations are quite limited (for example, its metallicity has so far been derived based on only one Fe II line; cf. Waelkens et al. 1991) , and spectrum data with sufficiently high quality are indispensable.
Considering this situation, we recently observed HR 4049 with the Subaru Telescope and obtained a spectrum of satisfactorily high S/N ratio. In this paper, we report on our new findings, based on this high-quality spectrum, regarding the following two motivations of special interest: is that of the smoothed one (cf. section 2). Three theoretical spectra (solid lines) corresponding to the Zn abundance of 3.1, 3.3, and 3.5 (i.e., the finally adopted mean abundance along with the perturbations of ±0.2dex) are also depicted. See section 4 for more details regarding the theoretical spectrum synthesis. A vertical offset by + 0.02 is applied to the observed spectrum in the upper panel.
(1) Search for lines of zinc.
Although this is another element belonging to the volatile group (such as C, N, O, and S) owing to its low T c of 660 K (e.g., Wasson 1985) , its detection in the spectrum of HR 4049 has never been reported. If Zn could be confirmed to share the same property as that of other volatile elements, such as was established for HD 52961 by Van Winckel et al. (1992) and for HD 44179 by Waelkens et al. (1996) , this would be another evidence supporting the fractionation hypothesis.
(2) Search for new lines of Fe-group elements.
As mentioned above, only one line (Fe II 4923.93) has so far been available for evaluating the metallicity (i.e., abundances of extremely deficient metals), which is evidently insufficient. Toward a reliable establishment of to which extent these refractory elements are depleted, the detection of more lines of such elements is highly desired. Hence, we confined ourselves to Observed spectral features around the Zn I line at 4810.53Å, along with the theoretical spectra computed with Zn abundances of 3.1, 3.3, and 3.5. A vertical offset by + 0.05 is applied to the observed spectrum in the upper panel. The spike feature seen in 4802-4807Å is nothing but that due to defects (bad pixels) on the CCD. Otherwise, the same as in figure 1.
searching for new lines of Fe II and Ti II, which are typically observed in normal F-supergiants.
Observational Data
The observation was carried out on 2002 February 1 during a test observing run for the HDS (High Dispersion Spectrograph) of the 8.2 m Subaru Telescope (Noguchi et al. 2002) . Three frames of 120 s exposure were obtained with the standard setup for the blue region, which covers 3540-5260Å with a resolution of ∼ 60000.
The data reduction was performed in a standard manner using the IRAF echelle package. Since the existence of strong and broad hydrogen Balmer absorption lines in the spectrum makes it difficult to determine the continuum level accurately, we first corrected the echelle blaze profiles of the object spectrum using the profiles of flat data, and then applied the IRAF continuum routine. Though the uncertainty in the continuum level estimation is still large (∼ 10%) around the broad absorption features, we can estimate the local continuum for weak absorption lines for which an abundance analysis was performed in the present work. The S/N ratio of the final spectrum, obtained by coadding the three spectra of 120 s exposure, turned out to be 400-500 in the wavelength region longward of 4000Å. We further smoothed the spectrum by taking the running mean over 11 pixels (i.e., convolving the spectrum with a box function of 10-pixel width) with the help of the splot task in IRAF. This actually improved the local S/N ratio (thus making the line-identification and equivalentwidth measurement easier) without significantly degrading the stellar line spectra, whose widths (∼ 25kms −1 ) are intrinsically broader than that of the smoothing function (∼ 10kms −1 ). The smoothed spectrum was used throughout this study.
Search for the Lines
In order to find new lines of our target elements (i.e., Zn, Fe, and Ti in the present case), we computed the theoretical equivalent widths for all available lines of each species in the wavelength region of 3540-5260Å on the standard atmospheric model (T eff = 7500K, logg = 2.0, and [M/H] = −5; cf. section 4) for appropriately chosen trial abundances. Regarding the data of the spectral lines, we invoked Kurucz and Bell's (1995) extensive compilation.
If Zn has an abundance near to the solar value of A (Zn) 1 = 4.60 (Anders, Grevesse 1989 ), our calculation suggested that three Zn I lines at 4680.13, 4722.15, and 4810.53Å should definitely be detectable with equivalent widths on the order of several tens of mÅ. Having inspected the spectrum, we confidently confirmed the detections of the latter two lines (Zn I 4722.15 and 4810.53) , as demonstrated in figures 1 and 2. However, we could not definitely identify the 4680.13 line in this analysis, the weakest among the three, because of its being blended with another unknown feature. The strong bump conspicuously seen in 4802-4807Å (figure 2) is due to the fact that the corresponding echelle order crosses the closely concentrated ∼ 5 bad columns (i.e., trains of bad pixels) of the CCD at this spectrum portion. We confirmed, however, that these defects do not affect the wavelength region longward of 4809Å, and thus there is no significant influence on the measurement of the Zn I 4810.53 line.
Regarding Fe, three Fe II lines at 4923.93, 5018.44, 5169.03Å were selected as probably detectable candidates (i.e., W λ 1mÅ), even for the extremely low Fe abundance of A(Fe) ∼ 2.5 (i.e., deficient by 5 dex relative to the solar abundance of 7.50; cf. Grevesse, Sauval 1999) . Among these we could identify the 4923.93Å and 5169.03Å lines, as shown in 1 In this paper we express the logarithmic abundance for an element by A(element), which is defined as A(element) ≡ log(N element /N H ) + 12. Because of the difficulty in the normalization due to the blending of strong Balmer lines, the observed spectrum is multiplied by arbitrary factors in the upper as well as lower panels, in order to bring both spectra close to each other for an adequate comparison. Otherwise, the same as in figure 1.
figures 3 and 4; the former is a reconfirmation of Waelkens et al.'s (1991) detection, while the latter is the discovery of another new Fe II line in this star. Unfortunately, the 5018.44 line could not be detected because it is blended with the C I (at 5018.10Å) and O I (at 5018.78Å) lines.
Then, our calculation suggested that only two Ti II lines at 3759.30Å and 3761.32Å may be observable with equivalent widths of a few mÅ, even at an ultra-low Ti abundance of A(Ti) ∼ 0 (drastically underabundant by ∼ 5 dex relative to the solar value of 4.99; cf. Anders, Grevesse 1989) . Unfortunately, these lines are located in the spectral region conspicuously influenced by the overlapped wings of the Balmer lines. Nevertheless, as displayed in figure 5, a marginal (though uncertain) sign of the 3761.32Å line might as well be observed almost at the detectability limit, while the 3759.30Å line can not be seen because of the spurious broad feature at this wavelength.
Abundance Determination
We measured the equivalent widths of the detected five lines (cf. section 3) by the Gaussian fitting method in order to determine the abundances of Zn, Fe, and Ti. In addition, we also evaluated the strengths of three S I lines at 4694-6Å to establish the abundance of S for the discussion in subsection 5.2. Regarding the model atmosphere, we adopted Kurucz's (1993) ATLAS9 model with atmospheric parameters of T eff = 7500 K, log g = 2.0, and [M/H] = −5.0, following Monier and Parthasarathy (1999) . The line data (wavelengths, excitation potentials, and gf values) were taken from Kurucz and Bell (1995) , and the microturbulent velocity was assumed to be 5 km s −1 according to Waelkens et al. (1991) . We used the WIDTH9 program (Kurucz 1993) Also, we roughly estimated the equivalent width of the Ti II 3761.32 line to be ∼ 3 mÅ, which yields A(Ti) ∼ 0.1 ([Ti/H] ∼ −4.9). However, owing to its large uncertainty, this value should be viewed with caution.
In table 1 we also show the results of an analysis of the S I lines, which suggest the mean abundance of A(S) = 6.7; i.e., [S/H] = −0.5, as compared to the solar S abundance of 7.21 (Anders, Grevesse 1989) .
In figures 1-5, the theoretical spectra corresponding to these abundance solutions (as well as the spectra corresponding to the abundance perturbations of ±0.2 dex) are depicted along with the observed spectrum. Since it was found that the gf values of many C I lines included in the compilation of Kurucz and Bell (1995) contain rather large errors, we replaced their data of important C I lines with those of Hibbert et al. (1993) or with the empirically adjusted values in the spectrum synthesis shown in these figures. These theoretical spectra are convolved with a Gaussian broadening profile of FWHM = 20 km s In table 1 are also given the abundance variations in response to changing the T eff and log g values by ±250 K and ±0.5 dex, which we regard as being the typical uncertainties in these parameters. The choice of the microturbulent velocity is practically irrelevant in the present case of very weak lines. Similarly, the uncertainty in the metallicity of the model hardly affects the abundances ([M/H] = −4 and −5 models yields essentially the same results). An inspection of table 1 indicates that uncertainties of ∼ ±0.1-0.2 dex may be involved in the solutions, caused by ambiguities in T eff and log g.
The errors in the measured equivalent widths of the Zn I and Fe II lines from the viewpoint of the photometric accuracy may be estimated as ±0.2-0.3 mÅ (i.e., ±5-10% of W λ ) 
, and + 2 km s −1 (∆ + v ), respectively. The original references for the sources of the gf values, which we adopted from the compilation of Kurucz and Bell (1995) , are as follows: Warner (1968) for the Zn I lines, Fuhr et al. (1988) for the Fe II lines, Martin et al. (1988) 
Discussion

Fe Group
According to the results of the Fe (and Ti) lines described in the previous section, [Fe/H] ∼ −4.7 (and [Ti/H] ∼ −4.9, though uncertain), we may state that the deficiencies of these Fe-group elements are in the range between ∼ −4.5dex and ∼ −5dex, which almost confirms the conclusion ([Fe/H] = −4.8) of Waelkens et al. (1991) . When we consider the difference in the reference solar Fe abundance between ours and theirs [i.e., we used Grevesse and Sauval's (1999) value of 7.50, while they adopted Anders and Grevesse's (1989) value of 7.67], the coincidence becomes even better.
Zinc
Evidence for the grain-related depletion
The result of [Zn/H] ∼ −1.3 (±0.2) is considered to be significant. Namely, zinc (a volatile element of low T c similar to C, N, O, and S) evidently does not conform to the extreme depletion of the iron group elements (i.e., refractory elements with high T c which are apt to be fractionated into grains) in spite of the similarity in the atomic number (or mass). Hence, as in the case of HD 52961 and HD 44179, which are two other very metal-poor post-AGB stars in which Zn is detected (Van Winckel et al. 1992; Waelkens et al. 1996) , this fact lends support to the hypothesis that the depletion of those metals as a result of the chemical fractionation into solid particles (or dusts) is the cause of the remarkable peculiarity in the photospheric abundances of HR 4049, though little is known about the detailed mechanism of how this could actually be accomplished.
Comparison with other volatile elements
We notice, however, that the abundance of Zn in HR 4049 is somewhat different from those of other volatile members (He, C, N, O, and S) which have near-solar compositions within the range of + 0.3 [X/H] −0.5 (cf. Appendix). Namely, Zn shows an appreciable deficiency of −1.3 dex (though not so extreme as in the case of refractory species) in spite of its low T c , which is not so conspicuously observed in other volatile species.
Let us pay attention to the marked abundance difference amounting to 0.8 dex between Zn ([Zn/H] = −1.3) and S ([S/H] = −0.5), both of which have a quite similar T c value of ∼ 650K (e.g., Wasson 1985) and thus nearly the same properties in terms of the fractionation into grains. Presumably, this supersolar [S/Zn] value may (at least partly) be attributed to the primordial abundances of S and Zn. That is, since Zn and S are considered to be free from any significant depletion (because of their volatile nature) or from the effect of nuclear processing during stellar evolution (according to the canonical stellar evolution theory), it may be reasonable to assume that the initial abundances of these elements are retained. Now, since we can see from figure 6 that HR 4049 appears to follow this general trend, the speculation mentioned above may be reasonable; i.e., because the primordial abundances of Zn and S in HR 4049 (which would have originally been a typical population II star of [Fe/H] ∼ −1.3) are expected to be mostly retained in its atmosphere, the currently observed largely positive [S/Zn] value may be interpreted as reflecting the initial trend of supersolar [S/Fe] values in halo stars.
Zn and S in post-AGB and related stars
Possible anomaly in volatile species
From a quantitative point of view, however, we feel that the actual situation may be more complicated than such a simple picture. That is, the [S/Zn] value of ∼ + 0.8 appears to be somewhat too large compared to the typical [S/Fe] value (0.3-0.5) of halo stars ([Fe/H] ∼ −1.5); i.e., it appears rather difficult to reduce this value significantly, since the sensitivities of Zn I and S I lines to atmospheric parameters are quite similar (cf. table 1) and the gf values we adopted are sufficiently reliable being free from significant systematic errors.
2 Considering that such markedly large [S/Zn] values are observed in not a few stars of a similar group (cf. figure 6), it would be more reasonable to assume that such stars, including HR 4049, may have undergone some alteration of the abundances of either Zn or S. 2 We confirmed based on the analysis of solar spectral lines that those gf values satisfactorily reproduced our reference solar abundances adopted from Anders and Grevesse (1989) .
For example, some kind of special (i.e., non-canonical) nucleosynthesis mechanism might as well be considered, such as the one speculated by Bond and Luck (1987) ; i.e., the synthesis of 32 S during a violent He-core flash at the tip of the redgiant branch. Alternatively, considering that several RV Tau  stars in table 2 [O/Fe] which is moderately supersolar). Though, admittedly, the abundances of these light elements can be altered by the stellar evolution (i.e., nuclear-processing and dredge-up during the course of AGB and post-AGB evolution), whether such an opportune enrichment process that brings CNO into near-solar surface abundances exists is yet to be investigated.
Appendix. Analysis of the Lines of Other Elements
In connection with the discussion on Zn and S presented in subsection 5.2, we require information concerning the abundances of other volatile elements. In this Appendix we describe our supplementary analysis on the abundances of He, C, N, O, and Ca carried out for this purpose, since lines of these elements were clearly identified in our 2002 February spectrum used in this study.
The model atmosphere adopted as well as the method of abundance determination is basically the same as described in section 4. Also, except for the case of C I lines (see below), we invoked the gf values (along with the damping parameters) taken from the compilation of Kurucz and Bell (1995) . The results are summarized in table 3, from which we obtained A He = 11.31, A C = 8.23, A N = 8.05, A O = 8.62, and A Ca = 0.26 as the abundances of these elements in HR 4049. By comparing these with the solar abundances taken from Anders and Grevesse (1989) (10.99, 8.56, 8.05, 8.93, and 6.36 
Helium
These gf values originally stem from Wiese et al. (1966) . Although the He I line at 4713Å is also clearly seen (cf. figure 1), this line was not included because a reliable measurement of line strength was rather difficult due to some distortion (blending?) of the feature.
Carbon
We identified and measured about sixty lines of C I. However, the gf values compiled by Kurucz and Bell (1995) were taken from various sources of diverse quality. Hence, having decided to exclusively invoke the recently calculated gf values of Hibbert et al. (1993) (length form), we restricted our carbon analysis only to those 19 C I lines, for which these data are available. We do not find any systematic dependence of the abundances upon the line strength or the excitation potential.
Nitrogen
The gf values were originally from Wiese et al. (1966) . The abundances from individual five lines are consistent with each other.
Oxygen
These gf values originally stem the semiempirically calculated values by Kurucz and Peytremann (1975) , which are the only available source for these oxygen lines.
Because of a defect in the spectrum, we unfortunately could not measure the O I line at 3947Å in the 2002 February data on which the present study is based. However, we clearly detect this line in another spectrum (though of poorer quality) observed in 2001 January (i.e., one year before). If we use the equivalent width of 51.7 mÅ resulting from this old spectrum, we obtain A(O) = 8.70 (from O I 3947 comprising three components), consistent with the present result.
Calcium
Though a strong circumstellar component is also visible for this Ca II K line, the intrinsic stellar component of this line was rather easily identified and measured, because of the excellent matching of the radial velocity in comparison with other stellar lines. The original source of the gf value is Black et al. (1972) .
